Although these compounds were effective at inhibiting STAT3 phosphorylation, they also displayed variable dose-dependent inhibition of STAT1, STAT5, and NF-κβ. The therapeutic efficacy of these compounds was further evaluated in peripheral and intracranial mouse tumor models. While CPA-7 elicited regression of peripheral tumors, both melanoma and GBM, its efficacy was not evident when the tumors were implanted within the brain. Our data suggests poor permeability of this compound to tumors located within the central nervous system. WP1066 and ML116 exhibited poor in vivo efficacy. In summary, CPA-7 constitutes a powerful anti-cancer agent in models of peripheral solid cancers. Our data strongly supports further development of CPA-7-derived compounds with increased permeability in order to enhance their efficacy in primary and metastatic brain tumors.
Introduction
Signal transducer and activator of transcription 3 (STAT3) belongs to the STAT family of proteins whose main function is to relay signals from a specific set of receptor tyrosine kinases and cytoplasmic non-receptor tyrosine kinases to the nucleus where gene transcription takes place (Groner et al., 2008) . Although the biological activities of STAT proteins vary, STAT3 has gained notoriety as a signaling hub for multiple oncogenic pathways (Yu et al., 2007 , Al Zaid Siddiquee et al., 2008 , Brantley et al., 2008 . Constitutive activation of the STAT3 pathway has been noted several cancer types and typically occurs in response to stimulation by tumor promoting factors, i.e., EGF, FGF, IL-6, Src, amongst many others (Zhong et al., 1994 , Migone et al., 1995 , Yu et al., 1995 , Bromberg et al., 1998 , Srinivasan et al., 2008 . STAT3 activation is mediated through binding to specific transmembrane STAT3/STAT3-dependent receptors. STAT3 becomes activated by JAK-dependent Tyrosine phosphorylation on a critical Tyrosine residue (Tyr705), dimerizing through reciprocal Src homology 2-phosphotyrosine interaction (Prinz et al., 2011) . After dimerization, STAT3
translocates to the nucleus and binds to specific sequences within promoter regions, inducing gene transcription. STAT3 contains a second phosphorylation site (Ser727) within its C-terminal region; Ser727 phosphorylation is a secondary event after Tyr705 phosphorylation; which is required for the maximal transcriptional activity of STAT3. Constitutive activation of STAT3
shown by phosphorylation of the Tyr705 residue is present in several types of cancers, including melanomas and gliomas (Niu et al., 2002 , Hussain et al., 2007 .
Phosphorylation of STAT3 results in the transcription of genes that promote cell proliferation, survival, vascularization, and immunosuppression (Chen et al., 2000 , Yu et al., 2007 . Inhibition of STAT3 activity in experimental tumor models has provided clear evidence for the role of STAT3 signaling in the growth of tumors; thus becoming an attractive target for cancer therapy (Turkson et al., 2000 , Stechishin et al., 2013 .
Small molecule inhibitors of STAT3 activation have been intensely pursued, i.e., Sorafenib, a multi-kinase inhibitor approved for use in advanced renal cell carcinoma and hepatocellular carcinoma patients, has been shown to reduce STAT3 activation . The preclinical compounds LLL12 and FLLL32, analogues of curcumin, were also effective inhibitors of STAT3 activation (Wei et al., 2011) . In addition to down-regulating STAT3 activity in human rhabdomyosarcoma cells, these compounds were effective in reducing the growth of MDA-MB-231 breast cancer xenografts in mice (Lin et al., 2010 , Wei et al., 2011 .
However, these are indirect inhibitors of STAT3 as they act by inhibiting the upstream Janus kinase 2 (JAK2). Recent clinical trials investigating the use of the JAK1/2 inhibitor AZD1480 were terminated in phase I when it was reported that the majority of patients experienced adverse events or dose-limiting toxicities (Plimack et al., 2013) .
In this study, we evaluated three compounds (CPA-7, WP1066, and ML116) as inhibitors of STAT3 activation in mouse models of glioma and melanoma. CPA-7 is considered an analogue of cisplatin, whose derivatives exhibit variable effects on DNA structure and signal transduction (Boulikas et al., 2003) . Of these platinum complex derivatives, CPA-7 has been shown to preferentially target STAT3 in transformed cells with potent tumoricidal activity (Littlefield et al., 2008 , Zhang et al., 2009 ). Inhibition of growth in subcutaneous CT26 mouse tumors after CPA-7 administration has also been reported (Turkson et al., 2004) . STAT3 inhibition in tumor cells has been shown to up-regulate pro-inflammatory cytokines, activating innate immune responses, and dendritic cells, resulting in potent antitumor T-cell responses (Wang et al., 2004) . CPA-7 has also been shown to increase IL-1β and TNFα in N9 microglia, implicating STAT3 inhibition in the modulation of the microglial-mediated immune response (Zhang et al., 2009) .
WP1066 is an analogue of a previously identified compound (AG490) and has been shown to block STAT3 activation by inhibition of the upstream JAK2 signaling (Iwamaru et al., 2007 . We also evaluated ML116, which had recently been identified in a high-throughput screen as a specific and potent inhibitor of STAT3 (Madoux et al., 2010) .
Although these compounds have been previously shown to inhibit STAT3 activation in certain transformed cells, their specificity and in vivo efficacy has not been thoroughly evaluated (Hussain et al., 2007 , Zhang et al., 2009 , Madoux et al., 2010 . In this study, we report the tumoricidal activity and specificity of these compounds in a panel of GBM lines, primary GBM cells, and human glioma cells with stem cell properties (Ausman et al., 1970 , Sampson et al., 1997 , Candolfi et al., 2007 , Kumar et al., 2012 . In addition, the therapeutic efficacy of CPA-7, WP1066, and ML116 was evaluated in mice bearing intracranial or peripheral GBM (GL26), and melanoma (B16-f0 or B16-f10) tumors. While the compounds were effective at inducing the death of cancer cells in vitro, ML116 and WP1066 were poor at inhibiting growth of intracranial and peripheral tumors in vivo. Conversely, CPA-7 administration induced tumor regression in mice bearing subcutaneous tumors but was ineffective if the tumors were located within the brain. This differential activity of CPA-7 was attributed to poor blood-brain barrier (BBB)
Materials and Methods
Cell lines, antibodies, and reagents.
Cultured cells were obtained from the following vendors: GL26 (ATCC, Manassas, VA), HEK-293 (Microbix, Toronto, CA), B16-f0 (ATCC® CRL-6322). HEK293 cells were cultured in MEM with supplementation (non-essential amino acids, 1% Pen-Strep, 1% L-Glutamine 10% Fetal Bovine Serum). All other glioma cells were grown in DMEM with supplements. HF2303 (sex unknown) were grown in neurosphere conditions which consisted of DMEM/F12 50:50 media supplemented with N-2 supplement, and 1% Pen-Strep, and a 1% Anti-fungal in addition to having 10 ng/mL rEGF and rFGF. Luciferase reporter plasmids were purchased from Promega (Madison, WI). Antibodies for pSTAT3, STAT3, cyclin D, and Mcl-1 were purchased from Cell Signaling (Danvers, MA, Cat#9145, #9149, #2922, #5453). Anti-Bcl-xl was purchased from Abcam (Cambridge, England, Cat#ab2568). Survivin was ordered through Santa Cruz Biotechnologies (Dallas, TX, Cat#sc-8808), and anti-actin antibody was purchased from Sigma (St. Louis, MO, Cat#A1978).
Synthesis, administration, and validation of STAT3 small molecule inhibitors.
Methods of synthesis, administration, and validation of small molecule inhibitors can be found in supplementary materials and methods (Supplementary Table 2 
Annexin V / PI flow cytometry
Glioma cells were seeded onto 12 well plates for apoptosis studies. STAT3 inhibitor was added to the cells after they were fully adhered and incubated for 48 hours before processing. Annexin 1 0 V/PI staining kit was purchased from Invitrogen. Floating and adherent cells were collected in 5 mL FACS tubes for staining using the manufacturer's suggested protocol. All flow data was collected on a FACS ARIA II cell sorter (BD) and analyzed with Summit software (Dako) or flowjo software (Treestar inc).
Tumor models
GL26 glioma cells were originally derived from a female C57BL/6J mouse bearing a chemically induced intracranial neoplasm and used to generate syngeneic mouse glioma models (Ausman et al., 1970) . B16-f0 and its more invasive derivative B16-f10 originated as melanoma cell lines used in this study as alternative models of GBM (Fidler 1973 , Raz et al., 1980 . Intracranial implantation of tumor cells was performed as previously described (Assi et al., 2013) . A brief description of procedures for intracranial and flank tumor models can be found in supplementary materials and methods. All animal experiments conformed to the policies and procedures of the University's Committee on Use and Care of Animals (UCUCA) and Unit for Laboratory Animal Medicine (ULAM) at the University of Michigan. Mice used in this study were monitored and euthanized at the first signs of moribund behavior.
Paraffin IHC
A detailed methodology of immunohistochemistry can be found in supplementary material and methods.
In vitro proliferation assay
Proliferation of glioma cells was determined by measuring ATP levels using the CellTiter-Glo® Luminescent Cell Viability Assay provided by Promega, Cat# G7572 (Madison, WI). 1,000 cells 1 1 were plated in 100 µL of media and allowed to adhere for 24 hours before the addition of CPA-7, ML116, or WP1066. ATP levels in 96-wells were measured each day according to manufactures' instructions (Promega).
Western Blot
Whole cell lysates were prepared with RIPA buffer supplemented with protease and phosphatase inhibitors as described previously (Curtin et al., 2009 ) A more detailed explanation of western blotting can be found in supplementary materials.
Luciferase assay for transcriptional activity
Transcriptional activity was assessed in stable U251 reporter clones. A detailed description of the process by which reporter cells were generated and utilized for readout of transcriptional activity can be found in supplementary materials and methods.
PAMPA assay
PAMPA assay was performing according to protocols outlined by the manufacturer Pion, Inc (Billerica, MA) in accordance with the Vahlteich Medicinal Chemistry Core at the University of Michigan. Permeability assays were performed at a pH of 7.4. Diffusion of compounds across the lipid layer was measured after a 4 hour incubation period at room temperature.
STATISTICAL ANALYSIS
Error bars represent SEM and asterisks denote statistically significant results. P-values of less than 0.05 were considered significant, unless noted otherwise. Statistical significance was
Results

Phosphorylated STAT3 is differentially expressed in cancer cells
To better understand the extent of STAT3 activation in GBM, we first screened a panel of glioma cell lines of mouse (GL26, SMA560), rat (CNS-1), and human (U251, IN859, HF2303) origin for phosphorylated STAT3 and total STAT3 levels by western blot (Supplementary   Figure 1) . For comparative purposes, whole cell lysates from HEK293 cells and two mouse melanoma variants, B16-f0 and B16-f10, were also included. Immunoblotting was performed using an antibody that recognizes the phosphorylated tyrosine705 residue of STAT3 (pSTAT3).
Glioma cells harbored variable levels of STAT3 expression; GL26, U251, and IN859 cells contained the most abundant levels of pSTAT3. Primary human GBM cells cultured in neurosphere conditions were also positive for pSTAT3 expression (HF2303). In contrast CNS-1, SMA560, and B16-f10cells had relatively low levels of pSTAT3 similar to HEK293 cells. The B16-f0 cell line showed the lowest levels of pSTAT3, only detectable after a very long exposure time (B16 Hi exp.; Supplementary Figure 1) .
Inhibition of STAT3 signaling in glioma cells leads to an arrest of cell growth with concomitant induction of apoptosis
To determine the effects of STAT3 inhibition on cell proliferation in vitro, glioma cells were seeded in 96 well plates and treated the following day with CPA-7, WP1066, or ML116 at drug concentration doses ranging from 100 nM to 100 µM. After 48 hours, intracellular ATP levels were measured and plotted versus drug concentration to obtain dose-response data. All three compounds had a significant effect at inhibiting cell growth in a dose-dependent fashion (*, p < 0.05 versus vehicle; Figure 1A ). Barring SMA560 and U251 cells, WP1066 appeared to be This article has not been copyedited and formatted. The final version may differ from this version. in all tumor cells tested ( Figure 3A) . CPA-7 treated glioma cells were also found to have reduced levels of the anti-apoptotic genes Bcl-xl and survivin. The expression of the apoptosis inhibitor Bcl-xl is also STAT3-mediated, with Bcl-xl blocking apoptosis by preventing the release of cytochrome C from mitochondria and subsequently activating caspase (Kharbanda et al., 1997) . Survivin can also inhibit apoptosis by binding activated caspase-3 and caspase-7 (Tamm et al., 1998) . Cyclin D1, a STAT3 target gene involved in cell cycle progression, was also reduced after CPA-7 treatment demonstrating a considerable specificity for CPA-7. While WP1066 was also very effective at eliciting the apoptosis of glioma cells, this effect appeared to be less dependent on STAT3. This is best illustrated in GL26 cells where the addition of WP1066 has no impact on STAT3 phosphorylation or its downstream targets in spite of a strong induction of apoptosis ( Figure 3B ). SMA560 cells were also unique in that pSTAT3 levels actually rose with increasing doses of WP1066 before rapidly diminishing at 6 µM with negligible changes in the expression of Bcl-xl, surviving, or cyclin D. Unlike GL26 and Human U251 GBM cells or primary human GBM neurospheres (HF2303) were also sensitive to STAT3 inhibition suggesting broad activity of CPA-7 and WP1066 across species ( Figure 3C ). ML116 did, in fact, inhibit STAT3 phosphorylation in U251 cells but at much higher concentrations (i.e., 100 µM) (Supplementary Figure 2) . These results illustrate the changes in STAT3 phosphorylation and downstream proteins elicited by WP1066 and CPA-7.
Moreover, our data show that WP1066 can exert anti-tumor activity independently of STAT3 in rodent GBM cells (Gl26).
Transcriptional specificity of STAT3 inhibitors
To determine the specificity of our compounds, transcriptional activity by STAT3, NF-κβ, STAT5, or STAT1 was assessed in U251 reporter cells, which we genetically engineered to stably express luciferase under the control of promoter regions sis-inducible element (SEI), NF-κβ, STAT5-RE, Interferon-Stimulated Response Element (ISRE), respectively. Transcriptional activity in response to the test compounds was then determined by measuring the bioluminescent signal produced by the cells after drug treatment. Effects on cell viability were factored in to reach a normalized value. CPA-7 and WP1066 were effective at inhibiting the transcriptional activity of STAT3 (*, p < 0.05 versus DMSO; Figure 4A ). ML116 also had an effect on STAT3 activity, although this required the use of much higher doses (100 µM). At basal conditions NF-κ β and STAT1 transcriptional activity was low and necessitated the use of exogenous stimuli such LPS or IFNγ ( †, p < 0.05 versus DMSO; Figure 4B ). Pimozide, MG-132, and nifuroxazide were used as positive control inhibitors of STAT5, NF-κβ, and STAT1 respectively. NF-κβ-dependent activity, which can modulate STAT3 signaling by secretion of IL-6, was reduced in
response to CPA-7 and WP1066 (*, p < 0.05 versus LPS; Figure 4B ). STAT5 activity appeared to be modulated in response to WP1066 at doses of 10 µM (*, p < 0.05 versus DMSO; Figure   4C ). At very high doses (i.e., 100 µM), CPA-7 exhibited off-target effects and inhibited the activity of IFNγ-stimulated STAT1 (Turkson et al., 2004 ) (*, p < 0.05 versus IFNγ; Figure 4D ).
WP1066 also inhibited STAT1 activity, albeit at relatively low doses (3 µM and 10 µM).
Therapeutic efficacy of CPA-7, WP1066, and ML116 in intracranial and peripheral mouse tumor models
To generate intracranial tumors, GL26 cells were injected stereotactically into the striatum of syngeneic C57BL6/J. Animals harboring brain tumors were treated with CPA-7 as depicted in Figures 5A, B , C, D and euthanized at the first sign of morbidity. Intravenous delivery of CPA-7 into mice bearing intracranial GL26 tumors failed to extend the median survival as mice became moribund at the same time as vehicle treated animals ( Figure 5B ). In mature vertebrates, the BBB can impede the penetration of certain drugs into the central nervous system; therefore in addition to the intracranial model, we also tested CPA-7 in a peripheral subcutaneous GL26 tumor model. An identical treatment regimen was performed in mice harboring peripheral GL26 tumors (Figures 5E, F, G, H) . In contrast to the intracranial model, mice bearing GL26 flank tumors treated with CPA-7 underwent complete tumor regression (*,p < 0.05; Figure 5F ). In order to fully understand and characterize the safety features of this compound and before clinical implementation, full toxicology assessment is warranted.
The tumoricidal efficacy of WP1066 and ML116 was also evaluated in the syngeneic GL26 model, but we did not observe any statistically significant difference in the growth of brain or flank tumors (Supplementary Figure 3) . CPA-7 shares structural motifs with cisplatin, which is known to have restricted brain permeability. Given its highly polar structure, we hypothesized that diffusion of CPA-7 into brain tissue would also be limited, justifying its poor therapeutic efficacy in intracranial tumor models. To examine this, C57BL6 mice bearing either brain or flank tumors (GL26) were treated with CPA-7 for 7 days then terminally perfused and fixed for immunohistochemistry (IHC). To investigate CPA-7 penetrance and efficacy, tumors were either embedded in paraffin, sectioned, and immunolabeled for pSTAT3 ( Figures 5C, G) , or were harvested for western blot analysis of whole tumor lysate (Figures 5D, H) . GL26 brain tumor-bearing mice treated with CPA-7 had no appreciable difference in levels of STAT3 phosphorylation ( Figure 5C ). In contrast, flank tumor bearing mice treated with STAT3 had reduced levels of pSTAT3 compared to vehicle treated controls especially at the tumor borders ( Figure 5G ). To further corroborate the IHC data, relative levels of pSTAT3 and total STAT3 were analyzed from whole tumor lysates by western blot. Immunoblot analysis of brain tumors treated with CPA-7 corroborated our findings from the IHC, showing no appreciable difference in the expression or phosphorylation of STAT3 in brain tumor lysates (Figure 5D ), while flank tumors treated with CPA-7 showed a decrease of pSTAT3 and an associated decrease of total STAT3 as previously demonstrated in vitro (*, p < 0.05; one-tailed student t test; Figure 5H ).
Parallel artificial membrane permeability assay (PAMPA) is a method used to assess the passive permeability of compounds across an artificial lipid membrane and has been found to correlate with BBB permeability (Avdeef 2005) . As standards for comparison with the STAT3 inhibitors, the effective permeability (P eff ) of three control compounds, characterized by their high (verapamil: P eff = 59.5x10 -6 cm/s), medium (cortisone: P eff = 23x10 -6 cm/s), and low (theophylline: P eff = 2x10 -6 cm/s) permeability, were derived simultaneously. WP1066 exhibited high permeability in the PAMPA assay with a P eff value of 54.6x10 -6 cm/s. Conversely the permeability of CPA-7 and ML116 were low with P eff values of 5.1x10 -6 cm/s and 3.7x10 -6 cm/s, respectively (Supplementary Figure 4) . The poor permeability of CPA-7 observed in the PAMPA lends further support to the notion that this particular compound is ineffective for brain tumor models, as it cannot penetrate the blood brain barrier. ML116 shows a similar pattern of poor permeability as CPA-7, while WP1066 shows a high level of permeability in the PAMPA system.
Therapeutic efficacy and toxicity of CPA-7, WP1066, and ML116 in melanoma models.
The therapeutic efficacy of CPA-7, WP1066, and ML116 was also evaluated in the B16-f0 melanoma cell line and its B16-f10 derivative, a more invasive and metastatic clone. These cells form rapidly growing tumors 4-5 days after subcutaneous injection and are prone to ulceration around day 20. The cells can also be used to generate intracranial melanomas. As we observed in the GL26 model, administration of CPA-7 lead to an inhibition of tumor growth in both the B16-f10 and the B16-f0 flank tumors (*, p < 0.05 versus vehicle; Figure 6A ), but had no therapeutic activity in mice bearing intracranial melanomas (Supplementary Figure 5) . The lack of complete tumor regression in the B16 flank tumor models was attributed to the short therapeutic window as regressing tumor masses became ulcerated and had to be euthanized. No notable toxicity was featured in the liver (Figure 6B ) or the spleens ( Figure 6C ) in any of the CPA-7-treated animals. We did observe moderate inflammation in the kidneys of CPA-7 treated mice, indicating tissue regeneration in response to a previous injury (Supplementary Figure 6) . Figure 6D ).
Administration of WP1066 had a small therapeutic effect in the B16-f0 flank tumor model which did not occur in B16-f10 flank tumor-bearing mice ( Figure 6A) . Also, splenic toxicity, characterized by an obliteration of the sinusoids by infiltration of transformed lymphocytes ( Figure 6C ), was also evident with WP1066 treatment. Finally, ML116 was the least efficacious of all three compounds, having no discernible therapeutic activity in either intracranial or flank the melanoma models (Supplementary Figures 5, 7 , respectively).
This article has not been copyedited and formatted. The final version may differ from this version. reporter assays our results demonstrate inhibition of STAT1 and STAT5 by WP1066. Therefore WP1066 acts as a JAK2 inhibitor, an observation that has also been noted by other groups (Iwamaru et al., 2007 . We also demonstrate the inhibition of STAT1 in response to high concentrations of CPA-7, which is in agreement with previously published findings (Turkson et al., 2004) .
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WP1066 has been previously shown to elicit tumor regression in intracerebral
B16EGFRvIII and B16-f0 tumor models when used at a dose of 40 mg/kg .
When tested at a dose of 30 mg/kg in an intracerebral B16 melanoma model, this compound did not show therapeutic efficacy , Hatiboglu et al., 2012 . Our results show that this compound was only mildly effective in B16-f10 flank tumors with negligible effects in GL26 or B16-f0 models, both intracerebral and flank models. The lack of therapeutic efficacy exhibited by WP1066 in our intracranial tumor models cannot be explained by poor BBB permeability; both our PAMPA results and data shown previously indicate that this compound exhibits good diffusion throughout the brain after systemic delivery (Hussain et al., 2007) . metastatic melanoma that will assess the maximum tolerable dose of WP1066 and monitor for any adverse events or dose-limiting toxicities.
CPA-7, on the other hand, elicits high therapeutic efficacy in peripheral tumor models (Figure 5F, 6A) , in addition to high specificity for inhibiting STAT3-mediated signaling ( Figures 3A, 4) . Thus, CPA-7 is a strong candidate for further development as a novel therapeutic strategy for solid cancers. Although CPA-7 does not appear to penetrate the BBB as would be required to treat tumor located within the central nervous system, alternative therapeutic strategies, such as nanoparticles loaded with CPA-7, could serve as an effective delivery platform. Ultimately, the in vivo inhibition of tumor growth dictates the usefulness of these compounds as anti-cancer agents. In addition, to avoid toxicity associated with off-target effects, the compounds must be specific to their intended target.
The specificity of CPA-7 for its STAT3 target, as well as its potent anti-tumor effects in animals harboring peripheral GL26, B16-f0, or B16-f10 tumors that underwent complete tumor regression highlight its promise as a novel anti-cancer agent. The lack of therapeutic activity of CPA7 in intracranial tumor models was most likely attributed to the poor diffusion of CPA-7 across the BBB. This was confirmed by IHC and immunoblotting of peripheral and intracranial tumors, in addition to results obtained with PAMPA. To this effect, platinum-based complexes are notorious for having poor brain permeability and show poor efficacy for treating CNS neoplasms (Gormley et al., 1981 , Nakagawa et al., 1994 . The data also highlights that thorough and comprehensive testing of novel compounds in the appropriate in vivo animal model is critical before attempting to translate these compounds into the clinical arena (van der Worp et al., 2010 , Prinz et al., 2011 , Martic-Kehl et al., 2012 , Seok et al., 2013 , Collins et al., 2014 . This article has not been copyedited and formatted. The final version may differ from this version. addition of IFNγ, which was used to stimulate STAT1 activity. STAT1-specific luciferase expression was measured 6 hours later (*, p < 0.05; one-way ANOVA followed by Tukey's test. 
